Abstract A one-dimensional water quantity and quality mathematical model was developed to evaluate the effects of joint gate-pump operation in terms of water withdrawal for pollutant flushing. The study was carried out in dry seasons in the Foshan River channel, China. The results indicate that the input of freshwater into the upper and middle reaches of the Foshan River can improve the water quality of the lower reaches. However, the backwater effect due to water diversion in the middle reaches of the river can greatly offset the cleaning processes in the upper reaches of the Foshan River. The results indicate that water quality in the upper Foshan River (Jiebian) may degrade with an increase in the rate of water withdrawal from the middle river when the discharge pumped from the upper Foshan River is less than 10m 3 /s; optimal water quality improvement is obtained with discharge values of 30 and 20 m 3 /s, respectively, at the upper and middle reaches of the Foshan River.
INTRODUCTION
River deltas are receiving increasing attention from hydrologists, fluvial geomorphologists and policy makers (Syvitski et al. 2005 , Zhang et al. 2009 , 2010 due to the fact that they are heavily populated areas and play a paramount role in regional economic development (UNESCO 1998) . However, coastal ecosystems, including rivers within the river deltas, are heavily influenced by pollutants, particularly human-induced pollution. Studies indicate that coastal ecosystems have been seriously impacted by land-and coastal-based pollution, including wastewater, runoff effluents, land reclamation, recreation and fish culture, as well as atmospheric deposition and climate change (Liu et al. 2005 , Bowen and Depledge 2006 , Kuppusamy and Giridhar 2006 . Heavy pollution exerts serious impacts on ecological systems; and availability of water resources usable for human society is also heavily affected by degraded water quality (Zeng et al. 2000) .
In the river deltas, booming economic development usually causes serious water pollution and pollution-induced degraded water quality, which may lead to shortage of water resources, and this is particularly true for the Pearl River Delta (PRD). In the PRD, the water environment is heavily influenced by industrialization, urbanization and environmental degradation. The water quality of the local rivers in the PRD, especially those passing through city centres, is greatly degraded and the polluted rivers account for about 31.6% of the total rivers (Zhu et al. 2002) . Zhu et al. (2002) also indicated that the pollutants in the rivers of the PRD region are mainly from industrial wastewater, agriculture, mining processes, forestry, shipping and domestic sources. The most serious pollution can be attributed to domestic sewage and garbage. Luo et al. (2008) assessed the anthropogenic impacts on the aquatic environment of the PRD and adjacent South China Sea by determining the concentration and distribution of linear alkylbenzenes in surface sediments from three major rivers in the PRD, the East, West and Pearl rivers, as well as in the estuarine regions. We can see that the previous studies mainly focused on the changing properties of the pollutants in both space and time, but few studies addressed how to deal with these pollution problems (e.g. Ouyang et al. 2002) . There are some publications in Chinese addressing the measures or ways to mitigate these water pollution problems (e.g. Gao et al. 1985, Xu and Zhu 2001) . However, the dilution effects of water-diversion within the tidal part of the rivers were not investigated.
Streamflow regimes in the tidal rivers can be controlled by water gates and, thus, the pollutants can be diluted or flushed out of the river channels by managing the control of the hydrological gates. However, the trajectories of the rivers within the Pearl River Delta are heavily impacted by tidal regimes, representing complicated hydraulic properties (Huang et al. 2000 , Luo et al. 2007 , Chen et al. 2009 ). Thus, there is uncertainty as to the dilution effects of the water diversion achieved by adjustment of the hydrological gates. Some key hydraulic problems still remain unanswered and this hinders the effective processing of the pollutants in the rivers influenced by tidal behaviour, and this is the focus of the current study. In this study, we attempt to address the dilution effect of water-diversion activities by means of hydraulic models with the objectives: (1) to understand the dilution effects achieved by different waterdiversion schemes; and (2) to explore the hydraulic properties of river streamflow under various waterdiversion scenarios. The models or methods used in this study could serve as an operational tool for the improved water and sewage management of the PRD. Besides, the results may be of practical significance in terms of the evaluation of the dilution effects of different water-diversion schemes in other rivers influenced by tidal systems, and may provide scientific support for the control and management of pollutants within tide-impacted rivers.
MATHEMATICAL MODELS OF WATER QUANTITY AND QUALITY FOR TIDAL RIVER NETWORKS
Streamflow of the tidal river networks is heavily influenced by tidal behaviour. The currents of different river channels mix and interact, forming complicated current patterns. The river channels interweave and the tidal currents run to and fro in the river channels within the Pearl River Delta. Therefore, in this study, we propose to use a one-dimensional model to simulate the flow behaviour and the contaminant convection transport for the river networks.
Water quantity model (Fischer et al. 1979)
2.1.1. Governing equations The governing equations of the one-dimensional hydrodynamic model for open-channel flows are described by the well-known Saint Venant equations (Zhang and Shen 2007) , which are expressed as a continuity equation:
and a momentum equation:
where Q is the discharge (m 3 /s); z is the water level (m); A is the wetted cross-sectional area (m 2 ); B is the wetted cross-sectional width (m); q is the side discharge per unit channel length (m 2 /s); R is the hydraulic radius (m); c (= R 1/6 /n) is Chézy's coefficient, where n is the roughness coefficient; g is the acceleration due to gravity (m/s 2 ); x is the coordinate measured along the channel (m); and t is the time (s). The Saint Venant equations are nonlinear hyperbolic partial differential equations and cannot be solved analytically.
Junction equations
A junction is defined as the place where rivers connect. At the nodes, dynamic properties of the streamflow should satisfy the conditions of flow continuity and the conservation of momentum (Zhang and Shen 2007) .
Conditions of flow continuity
Dynamic balance should be kept between the flow entering or exiting a node and flow amount within a node, i.e.:
where l is the number of all channels that link at junction k and k is the code of the junction; Ω k is the water storage of junction k; A k is the storage area of junction k; z n+1 k and z n k are the water level at the first and last time points of the computed time interval.
Conditions of momentum conservation
If the cross-section areas are evidently different, with distinct flow velocity, the local loss of energy in the node can be ignored; then the momentum conservation can be computed by the Bernoulli equation as:
where u is the flow velocity. When no node is available, equation (4) can be simplified as:
where the subscripts k and l denote the junction k and the channel section l linking at junction k.
Computation algorithm
To solve the Saint Venant equations numerically, equations (1) and (2) are discretized using the four-point finite difference scheme proposed by Preissmann (1961) , Following Zhang and Shen (2007) , the following iteration relationships can be obtained:
where C j , E j , G j , and F j are coefficients in the finite difference equations, respectively. By deducing equations (3) and (5) in the internal channel, one can obtain the following equations:
where α j , β j , δ j , θ j ,η j , and γ j are chasing coefficients.
The two chasing equations of discharge are expressed at the first and last section in a single channel as:
where Q 1 , z 1 are the discharge and water level at the first section and Q m , z m are the discharge and water level at the last section of the single channel.
When upstream boundary conditions are given in the form of discharge time series Q 1 (t), the relationship between discharge and water level in the external channel is expressed as:
(12)
where P j+1 , S j+1 T j+1 and V j+1 are chasing coefficients. Each internal node is related to (m -1) continuity equation (3) and one energy equation (5). The node water-level equations can be obtained by substituting equations (10), (11) and (13) into equation (3) and combining with equation (5). The node water level for each time interval can be computed from the above equations by using the matrix mark method. Substituting the computed water level of each junction into equations (6) and (7) can be used to obtain the water level and discharge of internal rivers, while that of external channels is obtained by solving equations (12) and (13).
Internal boundary conditions
Due to the hydraulic discontinuity, the Saint Venant equations cannot describe the flow properties of the river reach controlled by a gate or a pump. Therefore, further modification of the algorithm for computing the flow is required; this is done by introducing internal boundary conditions in these river reaches.
The flow of the river reaches that are controlled by gates is illustrated in Fig. 1 . In the case of a closed gate, the flow rate through the gate is zero, which leads to:
where Q i and Q i+1 are the flow upstream and downstream of the gate, respectively. The river reach that is divided into upstream and downstream reaches by the gate can be treated as two external channels. Thus, the river reaches upstream and downstream of the gate are taken as the external rivers and the related streamflow and water level can be computed based on equations (12) and (13). For the case where the gate is open, the flow rate can be computed from continuity and the Bernoulli equation as:
where e is the height of the gate opening (m); b is the width of the gate (m); μ is the sluice coefficient; z i and z i+1 are the water level upstream and downstream of the gate; σ s is the submerged coefficient (σ s = 1 for the orifice flow). Considering the flow continuity, discretization of equation (15) can yield the following relationships between the flow and water level upstream and downstream of the gate:
Substituting equation (16) into equations (6) and (7), one can obtain the chasing coefficients. The computation procedure for water and water level is the same as in the foregoing discussion.
With respect to the river reach with pump, the pumped streamflow can be treated as lateral inflow or outflow (Fig. 2) . Outflow, Q f , is negative and inflow is positive. We assume a river reach with river length of x j = 0, where the continuity equation can be written as:
The above computation procedure is used to complement the limitation of the Saint Venant equation in terms of analysis of the hydraulic properties of river reaches controlled by gates and pumps. The chasing coefficients can be computed by substituting equations (17) and (18) into equations (6) and (7). The computation of water level and streamflow is the same as the above procedure. 
Water quality model

Governing equations
The onedimensional advection-diffusion equation for the channel can be written as:
where C is the cross-sectional averaged contaminant concentration (mg/L); E x is the longitudinal disper-
is the net source term due to the sewage flow into the channel by runoff; S c (mg L -1 s -1 ) is the reaction term involving the transformation of contaminants due to chemical and biological processes, which is usually expressed by first-order decay, S c = -kC, where k is the decay factor (d -1 ) (Cunge et al. 1980) . In this study, the dispersion coefficient is estimated by using the empirical formula proposed by Fischer et al. (1979) , which can be written as:
where h (m) is the water depth, and I is the water surface slope or gradient. For open-channel networks, an additional equation is needed at a channel junction to satisfy the mass conservation at the junction. At a junction, the solute may come from several upstream channels and then go out of the junction towards several downstream channels. Around the junction, there is the solute mass exchange between the main channel and the storage zone. Assuming that the change of concentration can be ignored at a junction j, from the conservation of mass principle, the total mass "out" of the junction is equal to the total mass "in" to the junction plus the change of mass in the "dead zone" at the junction:
Without considering the storage area of the node, i.e. Ω = 0, equation (21) can be rewritten as:
Computation algorithm
The channeljunction-channel algorithm is adopted to satisfy the agreement with the computation of streamflow. The implicit difference scheme is used to discretize equation (19) and the following equation can be obtained:
where a i , b i , c i are the coefficients; C i is the pollutant density at the end of time interval i; G i is the correlation coefficient related to C i ; and m is the number of river reaches. Due to unsteady flow direction in tidal rivers, the flow direction can be classified in four scenarios: clockwise flow, counter-clockwise flow, flow from the ends to the middle of the river reach, and flow from any point in the middle to the ends of the river reach. Clockwise flow refers to the flow direction from the upper to the lower river reach, and vice versa. Based on the flow direction classes, the river channel equations can be deduced. A junction function can be obtained based on river channel equation, boundary conditions and junction conditions. Detailed solving methods can be found in Chu (1994) .
STUDY REGION AND DATA
The models described in Section 2 are applied in the analysis of pollutant dilution effects by pumped freshwater within the Foshan River channel, and associated dynamic properties. The location of the Foshan River is given in Fig. 3 . The Pearl River Delta is has a highly developed social economy in China, and Foshan City is the principal economic centre in the Pearl River Delta, and is a major social and economic hub of China. The Foshan River forms a major river network, connecting the Tanzhou and Pingzhou rivers, which are major sources of urban drinking water. Through management of the hydrological gate and the sewage interception project, about 0.7 × 10 6 t per year of sewage and urban wastes were discharged into the Foshan River. The pollutants are mostly classified as oxygen-consuming organic pollutants, which greatly degrade the local water environment.
The Foshan River and other rivers connecting to it form the major North and West River Network. The hydrological processes in the upper reaches of the Foshan River and tidal currents in the lower reaches lead to complicated hydraulic patterns, under the influence of which the flow and pollutants carried by the current will travel freely and interplay within the river network. Therefore, the entire North and West Fig. 3 Locations of (a) the study region, (b) the modelling area, and (c) the cross-sections for observed and modelled water quality, and also for the water quality control. River Network is considered in this large-scale modelling study. Simultaneously, more detailed analysis is performed to investigate the hydraulic properties and pollutant dilution effect before and after the implementation of the water-diversion project. Thus, we also performed numerical modelling focusing on the hydraulic changes and water quality variations of the Foshan River. The boundary of the large-scale modelling is defined as the regions circled by a thick dashed line in Fig. 3(b) . The upstream boundaries are defined by the stations Makou, Sanshui, Laoyagang and Shizui; the downstream boundaries are defined by Huangpu, Sanshakou, Nansha, Wanqingshaxi, Hengmen, Denglongshan, Huangjin, Huangchong and Xipaotai stations (Fig. 3(b) ). The entire river network under study was generalized as 154 rivers, 107 nodes, 754 cross-sections, and the distances between cross-sections range between 500 and 2500 m. The boundary conditions at the Makou and Sanshui are defined by the measured streamflow, and those at other cross-sections are defined by the measured water levels.
The ranges of the water quality modelling are: Tanzhou River, Pingzhou River, Jili River, Foshan River, Huadi River and Luweiqiao (Fig. 3(c) ). The spatial ranges of the water quality modelling can be simplified as nine internal river channels, six outer river channels, eight internal nodes, six outer nodes and 119 cross-sections. With respect to the water quality model, the boundary stations should be decided in advance if the inflow into the modelled rivers occurs; however, the boundary stations will not be decided if outflow from the rivers occurs. Based on the ranges of the rivers and locations of the sewage processing units, the sewage draining exits are generalized into 11 exits. There are 11 sewage outlets, which are displayed in Table 1 . The pollutants in the Foshan River are oxygen-demanding organic pollutants; therefore, chemical oxygen demand (COD) and NH 3 -N concentration are accepted as the major factors to be simulated.
RESULTS AND DISCUSSIONS
Model calibration and validation
The parameter of the hydrological model needing to be calibrated is Manning's roughness coefficient, n. Visual scrutiny of observed and modelled water-level and streamflow series was performed to evaluate the performance of the water quantity models. Hydrometry data from the period 14:00 h on 2 February 2001 to 15:00 h on 15 February 2001 were used to calibrate the model. The value of Manning's roughness coefficient of the river channel during the dry seasons is between 0.016 and 0.044, and the computation time step is 10 minutes. Simultaneous hydrometry data from the period 20:00 h 18 October 2009-20:00 h 3 November 2009 were used to validate the calibrated model. The observed and modelled hydrological series for validation are shown in Fig. 4 , which indicates that they match considerably well. The changing properties of observed and modelled water level and streamflow are closely similar at the Sanshui, Makou, Rongqi and Xiansha stations with mean absolute errors of 0.069, 0.037, 0.017 and 0.045 m for water level and 18.4, 21.3, 36.8 and 30.2% for peak streamflow. The mean relative errors for the trough streamflow value are 30.1, 42.4, 25.5 and 37.3%, respectively.
The parameters that need to be calibrated in the water quality model are the attenuation coefficients of the COD and NH 3 -N. Calibration of the water quality model is based on the observed hydrological and water quality data from the period 21:00 h 15 October are in reasonably good agreement. The relative errors are 0.7-28.4% for COD and 1.9-31.4% for NH 3 -N; the mean relative errors are 13.2% for COD and 14.0% for NH 3 -N. The above discussion confirmed the feasibility of the application of the model to simulate the water quality of the river networks under different hydraulic scenarios.
Dilution effects by pumped water
We consider the changes of water quality at the Jiebian and Hengjiao cross-sections as case studies to show the dilution effects of pumped water from Shakou and Shiken stations. To investigate the dilution effect of pumped water at Shakou (x 1 ) and Shiken stations (x 2 ), the following water inversion schemes are scheduled: (24) With respect to the flow entering the modelling regions, the measured pollutant contents are defined as the boundary values; with respect to the flow out of the modelling regions, the measured COD and NH 3 -N are defined as the boundary values, i.e. 10 and 2 mg/L, respectively, in this study. The Jiebian and Henjiao cross-sections are taken as the control section, and the modelled cross-section pollutant contents under different joint gate-pump operation scenarios are displayed in Figs 6-9.
Based on the water-diversion scheme, we have about 66 water diversion scenarios, and our results are based on these. The magnitude of the pumped streamflow at Shiken station was set to a certain value, and then the water quality at the Hengjiao cross-section was modelled with increasing pumped water at Shakou. It can be observed from Figs 6 and 8 that the greater the pumped streamflow at Shiken, the smaller the COD and NH 3 -N concentration at Henjiao. Furthermore, an obvious decrease in COD can be observed as the pumped streamflow at Shakou increases. Distinctly obvious changes in COD and NH 3 -N concentration are found when the pumped streamflow at the Shiken pump is set at 20-25 m 3 /s.
Changes of COD and NH 3 -N concentration demonstrate distinctly different patterns at the Jiebian cross-section (Figs 7 and 9 ) when compared to those at the Hengjiao cross-section (Figs 6 and 8) . In this study, COD is taken as a case study, since the changing properties of CO and CH 3 -N are very similar. It can be seen from Fig. 7 that the greater the streamflow at the Shakou station, the lower the COD is at the Jiebian cross-section. Besides, when the streamflow pumped at the Shakou station is fixed, the COD increases when streamflow pumped at the Shiken station increases. A distinctly obvious increase of COD can be identified when the streamflow pumped at the Shiken station is greater than 20 m 3 /s. However, COD increases with increasing Shiken pumpage, only if the Shakou pumpage is <15 m 3 /s. 
Hydraulic properties behind the changes of pollutant concentration
Under the condition of the same water quality and fixed pollutant sources, the degrees of improvement in water quality related to different pumping schemes are heavily influenced by the hydrodynamic properties of the fluvial streamflow. During the low-flow periods, the flow velocity of the Foshan River channel ranges between 0.2 and 0.8 m/s; however, during high-flow periods, the flow velocities at different cross-sections are distinctly different, ranging between ∼1 and ∼100 m 3 /s. Due to the impacts of tidal behaviour, the flow directions are heavily controlled by the tidal activities. During periods of rising tide, the flow direction is from Hengjiao, Shiken and Shakou to Foshan city, and vice versa. Therefore, the flow direction of the Foshan River channel is bidirectional. However, because of human control by regulation of the gates, the Foshan River channel is actually a kind of semi-closed water body. The human-controlled pumping activities at the Shakou and Shiken pumps can be used alter the hydrodynamic conditions in an artificial way. Different pumping activities may trigger different flow fields. The pumping scheme that can improve the flow conditions of the river channel may better improve the water quality by flushing the pollutants promptly. In this case, we analyse the net streamflow changes (without considering the influences of tidal behaviour) at the Jiebian and Hengjiao cross-sections under different water diversion scenarios. It can be seen from the left panel of Fig. 10 that the changes of the net streamflow at the Jiebian cross-section are in negative relationship with streamflow pumped at the Shiken pump. The smaller the pumped streamflow at the Shiken pump, the larger the net streamflow is at the Jiebian cross-section. Furthermore, the net streamflow at the Jiebian cross-section is increasing when pumped streamflow at the Shakou pump increases, and after pumped streamflow at the Shakou pump reaches about 30m 3 /s, the streamflow pumped at the Shiken pump has almost no influence on the changes of net streamflow at the Jiebian crosssection. The net streamflow changes at the Hengjiao cross-station demonstrate different changing properties. The streamflow pumped at the Shiken pump exerts tremendous influence on the net streamflow variations at the Hengjiao cross-section. Larger streamflow pumped at the Shiken pump usually causes larger net streamflow at the Hengjiao crosssection. Furthermore, the net streamflow at the Hengjiao cross-section increases when the pumped streamflow at the Shakou pump increases (Fig. 10) . The increasing pumped water may enhance the self-purification and dilution processes of the water body. However, the tidal-induced backwater effects can sometimes reduce the effectiveness and significance of water quality improvement. Figure 11 shows the flow fields under different pumped streamflow scenarios at the Shakou and Shiken pumps. It can be observed from Fig. 11 that, when no streamflow is pumped at the Shakou and Shiken pumps, the tidal currents can reach the South-North River, just upstream of the Jiebian cross-section (upper panel of Fig. 11 ). When the streamflow pumped at the Shiken and the Shakou stations attains 10 and 30 m 3 /s, respectively, the tidal currents can reach upstream of the South-North River (middle panel of Fig. 11 ), i.e. the streamflow pumped at the Shiken pump helps to push the tidal currents upriver. If the streamflow pumped at the Shiken pump increases to 30 m 3 /s and the streamflow at the Shakou station is 10 m 3 /s, the entire river reach considered in the study will be impacted by tidal behaviour. Different pumped streamflow magnitudes at the Shiken and Shakou pumps have tremendous influence on the spatial ranges of the tidal activities within the study river reach. Streamflow pumped at the Shiken pump can lead to backwater effects in the upper Foshan River reach, and, together with the backwater effect due to tidal behaviour, these keep the pollutants in the upper Foshan River channel, greatly intensifying the pollution conditions there, represented by the lower water quality at the Jiebian cross-section. Taking the simulation results of COD as a case study, numerical analysis indicates that, when the streamflow pumped at the Shiken pump is fixed, increasing streamflow pumped at the Shakou pump can cause decreasing COD at the Hengjiao cross-section. When the streamflow pumped at the Shakou station is less than 10 m 3 /s, increasing pumped streamflow at the Shiken station can cause increasing COD at the Hengjiao cross-section. However, when the streamflow pumped at the Shakou station is larger than 25 m 3 /s, streamflow pumped at the Shiken station has almost no influence on the water quality at the Jiebian cross-section. Streamflow pumped at the both the Shakou and Shiken stations can help to improve the water quality at the Hengjiao cross-section. When streamflow pumped at the Shiken station is ≤30 m 3 /s, increasing pumped streamflow at the Shakou station can greatly help to improve the water quality at the Hengjiao station; however, when the pumped streamflow at the Shiken station is >20 m 3 /s, increasing pumped streamflow at the Shakou station cannot significantly improve the water quality at the Hengjiao cross-section. The effective improvement of water quality at the Jiebian and Hengjiao stations requires sound management of pumping activities of the Shakou and Shiken pumps.
CONCLUSIONS
Water pollution is serious in the Pearl River Delta, being a by-product of the booming economy in this region. We systematically analysed the changing properties of COD and NH 3 -N concentration under different scenarios of streamflow pumped at the Shiken and Shakou pumps on the Foshan River. In addition, the hydraulic background was investigated with the aim of understanding the possible underlying causes behind the changes in COD and NH 3 -N concentration. Some interesting conclusions may be drawn, as follows:
-The Pearl River Delta is economically developed and the water environment is heavily influenced by human activities, including contamination by various pollutants from different sources. The results of this study indicate that, to a certain degree, dilution of the pollutant concentration by introducing freshwater is an effective way to improve the water environment, at least regionally. In addition, the introduced pumped streamflow can lead to redistribution of pollutants in both time and space and thus improvement of the water environment can be realized in some river reaches. -Streamflow variations in tidal river reaches are heavily influenced by tidal behaviour. Streamflow pumped at different pumps located in different parts of the river reach can cause different dilution effects, which may be attributed to the tideinduced backwater effect. The results of this study indicate that streamflow pumped at the Shiken pump, introducing freshwater to the lower reaches of Foshan River, negatively influences the dilution effects in the upper and middle reaches obtained by pumping the streamflow at the Shakou pump. In addition, streamflow pumped at the Shiken pump further intensifies the backwater effects. Therefore, when the pumped streamflow into the upper Foshan River (Shakou pump) is ≤10 m 3 /s, the increase of pumped streamflow at the Shiken pump results in lower water quality in the Jiebian cross-section. Based on numerical simulation, a reasonably good dilution effect of pumped water may be obtained when the pumped streamflow at Shakou is about 25 m 3 /s and that at Shiken <20 m 3 /s. This result is of scientific and practical significance in terms of the management of pumping activities in the study river reach to obtain optimum dilution of the pollutants.
This study can help our understanding of the dilution processes achieved by pumping river water, as well as the movement of pollutants in tidal rivers, and may be useful for similar studies in other tidal river systems of the world. It should be noted here that we analysed changes in just two pollutants-COD and NH 3 -N concentration-under the different water-diversion scenarios. Similar properties could be observed for other pollutants, thus, further analysis is necessary.
